rapidly increasing. The production of this energy currently depends mainly on oil and its derivatives to drive the different power plants in the country. The combustion of such fossil fuel comes with a well-known environmental pollution. Local oil production represents a key income for Kuwait and intelligent consumption of oil is therefore an essential concern to the Kuwait economy. The power system and economy of Kuwait may benefit from utilizing clean and renewable energy resources such as solar energy. This paper considers the modelling and control of PV system using in market available modules as an example, and factoring in geographical conditions relevant to Kuwait. As the generated power from PV panel depends on solar irradiation and temperature, the hourly values of these meteorological factors are collected and analysed for a time horizon of 6 years. Based on the system model three widely-adopted MPPT algorithms are compared and their performances are evaluated. Validation of each algorithm model is carried out using MATLAB/Simulink simulations.
Introduction
The Ministry of electricity and water in Kuwait (MEW) has estimated that, with the peak load increasing by 6-8% per year, an additional 10,000 MW of installed electrical generating capacity will be necessary by year 2020 [1] . The primary energy source for the existing thermal power stations of Kuwait depends mainly on natural gas and liquid oil products. These power plants are main source of harmful gas emission. Therefore, the country plans to generate 10% of its electricity from renewable energy resources by 2020. In this respect, MEW has taken more direct actions to install PV panels to supply electricity to the building of its headquarters. This generated energy will be used to power light and static loads. As one half of generated energy in Kuwait is consumed for domestic purposes due to air conditioning systems, similar panel would be installed on the roofs of the buildings [1, 2] .
According to recent studies [2] , the average Kuwaiti house roof dimension is approximately 19mx16m i.e. 304 m 2 . When PV panels cover the roof of this average residential house, they will produce an annual electricity of 65,890 kWh per year [2] .
The knowledge of the solar radiation and temperature data is essential for design and sizing of the PV system [3, 4] . The temperature variations in Kuwait averaged for each day over 6 years of recorded data are shown in Fig (1) . Similarly, Fig (2) displays the average daily solar radiation (SR) on a horizontal surface in Kuwait recorded for the same period. Fig (2) proves that Kuwait has an abundance of solar energy capability. Thereby, the monthly averaged solar intensity on horizontal surface area is 3.26 kWh/m 2 in December and 8.16 kWh/m 2 in June. The annual average value of solar radiation reaches 5.9 kWh/m 2 . On the other side the electrical load in Kuwait is characterized by high load in summer and low load in winter depending on the increase and decrease in the values of temperatures and relative humidity. This shows that the peak load matches the maximum incident solar radiation and then its electricity generation, which results in very promising capability for utilizing solar energy in Kuwait to cover electrical demand.
Manufacturers always provide performance data of the PV panels under specific operating conditions. There are many types of such panels in the international market; the most famous of which is the silicon mono semi-crystalline PV type, which has been chosen for further studies in this paper. According to SR in Kuwait the maximum power and maximum efficiency of panel modules is 300 W and 18%, respectively. The module maximum power voltage and current are 53.6 V and 5.6 A, respectively [5] .
The PV systems are principally classified according to their mode of operation as stand-alone or grid connected systems. The operation of the stand-alone PV systems is independent on the grid. Recently, there is an increasing interest in installing grid-connected PV systems to form distributed generation. This trend is attributed to economic and technical benefits of distributed generation in microgrids. On the other hand, the dispersed grid-connected PV systems require efficient power conditioning converters. The power conditioning devices include DC/DC boost converter and voltage source inverter. Many controlling strategies have been developed [6] [7] [8] to control the power conditioning converters. In most PV systems, MPPT algorithms are utilized for full extraction of the available solar energy. The controller adopts the pulse width modulation (PWM) technique to change the converter duty cycles to obtain stable output power close to MPP of the PV array. To select the effective MPPT under the environmental condition in Kuwait, three most popular MPPT techniques are simulated and compared in the paper. 2 ) in Kuwait, each day averaged over 6 years.
Grid connected PV systems
The studied grid-connected PV array has 100 kW capacity corresponding to 300 m 2 roof area of the average house in Kuwait. The array is connected to the grid by means of 250 V/ 11 kV coupling transformer according to the technical standard of the distribution network in Kuwait. Fig. (3) shows the main components of the PV system, which consists of the solar array, DC/DC boost converter, DC link. The main function of DC/DC boost converter is to adapt the generated voltage of the PV panel to a suitable level corresponding to the maximum solar power. A. Photo-Voltaic Solar Array: Generally, PV cells are grouped together in similar modules which are interconnected either in series or parallel to form the final PV array. The current-voltage relation of PV array can be mathematically given by [3, 4] :
Where, q: electron charge. A: P-N junction ideality factor K: Boltzmann constant. I: Array output current. Iph: photocurrent as function of irradiation level and junction temperature I 0 : reverse saturation current of diode. T: reference cell operating temperature. V: Array output voltage.
The array output power is determined through multiplying equation (1) by array voltage and efficiency η. Equation (1) indicated that PV array exhibits a non-linear relation of the I-V and P-V characteristics. From P-V curve, there is a specific point at which the generated power is maximum. Therefore, a continuous adjustment of the array terminal voltage is required to extract maximum power (MPP) from the solar array.
B. Boost Converter
A boost converter is a power device with an output DC voltage greater than its input DC voltage. By implementing the PWM technique on boost converter, a stable output voltage can be obtained by changing the duty cycle (d) of the switching device Q to achieve MPP. The boost converter is given in Fig. 4 with a switching period of T and a duty cycle of d. For the conduction mode of operation, the state space equations when the main switch is ON are shown by, [9] [10] .
and when the switch is OFF 
Maximum Power Point Tracking Algorithms
The most widely MPPT techniques available in the literature [11, 12] can be summarized as:
A
. Constant Voltage Method
The Constant Voltage algorithm is the simplest MPPT control method [7] [8] [9] . The operating point of the PV array is regulated near a fixed reference voltage. This method is recommended when the solar insulation and temperature variations are insignificant, so that the MPP voltage at different irradiance is assumed approximately constant. This method does not require any additional input data measurements. However, the array O.C. voltage (V oc ) is necessary in order to set up the duty-cycle of the DC/DC converter by its PI controller.
The near linear relationship in the second zone of the I-V curve of PV array between Vmpp and Voc, under varying irradiance and temperature levels, has suggested the possibility to substitute Vmpp as constant fractional of Voc of the array as follows:
Where k 1 is proportionality constant dependent on the characteristics of the PV array being used. The factor k 1 has been reported to be between 0.71 and 0.78 [9, 10] .
B. Perturb and Observe (P&O)Method
In this method the operating voltage of the PV array is perturbed by a small increment, and the resulting change of power, ΔP, is observed [11] . If the ΔP is positive, then the voltage perturbation is moving toward the MPP. This means that further perturbations in the same direction of voltage change will direct the operating point toward the MPP. If the ΔP is negative, the operating point has moved away from the MPP, and the direction of perturbation should be reversed to return back toward the MPP. The basic concept of the P&O algorithm is described in Fig (5) at constant SR and temperature [10, 11] . The mathematical formulation of algorithm has 4 cases as follows,
The error signal driving the PI controller is equal to the differences between the above adjusted reference terminal voltage, Vref and the actual array voltage.
Fig. 5. Power vs. voltage for PV array
When the MPP is approached, Vpv may oscillate around the optimal value Vmpp depending on the magnitude of the step size. In this respect it should be noted, if this step size is large, the MPPT algorithm responds quickly to sudden changes in environmental conditions. On the other side, if the step size is small the algorithm becomes relatively slow and not be able to respond quickly to rapid changes in temperature or irradiance [13] .
C. Incremental Conductance Methods
The incremental conductance [8] method (IC) is based on the fact that the derivative of the output power Ppv with respect to the array voltage Vpv is equal to zero at MPP [12] [13] [14] . The PV array characteristic shows that this derivative is positive to the left of the maximum power point and negative to the right of maximum power point. This leads to the following set of equations: 
This means that the MPP can be tracked by comparing the instantaneous conductance I PV /V PV to the incremental conductance dI PV /dV PV . Once MPP has been reached, the operation of PV array is maintained at this point and the perturbation stopped unless a change in dV PV is noted. The IC method offers good performance under rapidly changing atmospheric conditions. The algorithm requires the same measurements of the voltage V PV and the current I PV . To regulate the DC bus voltage, a PI controller is used to control the duty ratio of the converter. The controller gains are determined to correct the error (e) given by equation (7) . The initial operating point is set to match a load resistance proportional to the ratio of the open-circuit voltage (V OC ) to the short-circuit current (I SC ) of the PV array.
Comparison of MPPT Algorithms
Simulink software is used to model the studied gridconnected PV array with a MPPT boost converter as shown in Fig (3) . The PV block simulates the nonlinear V-I characteristics of the array at different solar radiations and temperatures. The specifications of studied solar panel are given in Table I . No. parallel module
Array power rating at NOTC P A 100 kW
In order to verify the MPP trackers for PV system, the described MPPT techniques are compared under different weather conditions in Kuwait to show how they can effectively and accurately tracks the MPP. The simulation is carried using MATLAB/SIMULINK. The output of the MPPT control block is the gating signal which is used to drive the IGBT switching devices of DC/DC converter. Table II shows the parameters of the DC-DC boost converter. The test data consist of hourly SR and temperature for time horizon of 6 years in Kuwait. This data are applied to check the effectiveness of the described MPPT techniques in producing the maximum annual energy of the photovoltaic systems. 
Simulation and Numerical Results
For each MPPT technique and for hourly input data, the energy supplied by the PV system was calculated for each month averaged over the studied period of 6 years. The implemented controller for the three MPPT algorithms is PI type with Kp=2 and Ki=0.05. The same Boost converters with its maximum MPP controller are used for fair comparison. The results are summarized in Table III .
The simulation results indicated that the generation using P&O MPPT is maximum with annual energy of 166233.548 kWh. The P&O and IC algorithms over the year are superior to the CV algorithm. The produced energy using CV technique is the lowest of the three studied MPPT methods with annual value of 165012.804 kWh. This is attributed to the fact, that CV technique does not follow the MPP by holding Vref as constant fraction of V oc under different operating condition.
However, in December and January the generated energy using the CV technique is slightly greater than both IC and P&O techniques. On the other hand, IC has slightly smaller energy production compared to P&O techniques in February, March, April, May August, September, October and November. In addition, the generated energy in June and July using IC MPP technique is maximum compared to that of CV and P&O techniques.
The purposes of the next tests are to investigate the dynamic behaviour of a PV system and to calculate the amount of power, voltage and current using the MPPT PIcontroller. It should be noted that the generated power has the same shape as the solar insulation curve, the only difference is a small transient from the rapid insulation variation by using P&O and IC techniques. Comparing the output array voltage, it can be observed that the CV method is more stable with solar insulation variation.
In particular due to lack of space, Fig (6) shows sample of the PV array response using the IC, P&O and CV algorithms. The dynamic response of the PV array indicated that the CV technique delivers the more stable voltage, current and power waveforms with negligible oscillation amplitudes. Table IV indicates some oscillations in voltage, current and power using IC and P&O techniques. This is attributed to the IGBTs switching effect to change the array voltage to track the MPPT. 
Conclusion
This paper presents detailed comparative study between constant voltage technique and the two most popular algorithms for MPPT, namely Perturb & Observe algorithm and Incremental Conductance algorithm. To carry out this study the hourly solar radiation, and temperature were collected for a period of 6 years in Kuwait. The Boost converter with the associated PI controller is used for this comparison. Matlab/ simulink have been used for modelling and simulation of the PV array. The capacity of the simulated PV array is 100 kW under 1000W/m 2 and 25 0 C conditions. The comparison of the different MPPT techniques was based on the annual energy generation under different weather conditions. Due to lack of space the average generated energy each month was displayed and compared. The results indicated that the annual generated energy by using P&O and IC algorithms are greater than CV MPPT technique. This is attributed to the fact that, the CV technique did not completely follow the MPP, but instead holding Vref as constant fraction of V oc under any operating condition. The P&O technique provides the greatest annual energy supply for the studied period of 6 years. This is confirmed by their widespread use in commercial implementations. The IC method provided only slightly less annual energy than the P&O. The generated power output of the three methods has the same shape as the solar insulation. The only difference was a small transient due the rapid insulation variation.
In addition, the dynamic response comparison of voltage, current and power output has been traced under different condition of available radiation and temperature. The MPPT controller was tested under a sunny day, and then cloudy and partially cloudy days to calculate the amount of the oscillation in PV operating points. The simulation results indicated that the CV techniques delivered more stable voltage and current signal of the PV array compared to IC and P&O techniques. Underway the fuzzy logic based controller would be considered for further study to enhance the performance of the most effective P&O and IC algorithms to track maximum power point.
